Ubiquitin, a highly conserved 76-residue protein found in all eukaryotic cells, can be covalently bound to a wide variety of proteins in the nucleus, cytosol, cytoskeleton, and plasmalemma. This diversity of target proteins reflects a diversity of functions for ubiquitin conjugation. Previous studies have showed enhanced localization of ubiquitin conjugates to 2-bands of normal skeletal muscle and increased ubiquitination in atrophic muscles. These results have implicated a ubiquitin-mediated pathway in protein turnover and degradation in striated musde. To investigate whether such a pathway might also exist in cardiac striated muscle, we used an affity-purified polyclonal antibody (conjugate specific) and indirect immunofluoresmce to l d z e ubiquitin conjugates in neonatal and adult rat cardiac myocyte both in vitro and in vivo. In both cultured myocytes and heart tissue, fluores-
Introduction
The turnover of proteins within the highly organized threedimensional arrays of myofibrils in striated muscle is heterogeneous (36) . The mechanisms underlying this non-uniform turnover of myofibrillar proteins, however, are unknown. Protein degradation in cells is thought to occur by two main pathways: (a) sequestration within lysosomes containing degradative enzymes, and (b) ATPdependent proteolysis in the cytosol. In the latter system, proteins destined for degradation are covalently conjugated to the highly conserved protein ubiquitin, so named because of its apparent abundant presence in all eukaryotic cells (reviewed in 23).
Previous studies have shown preferential ubiquitination of Z-band proteins in normal skeletal muscle (24) and increased ubiquitination of disrupted myofibrils in disuse atrophy (25, 26) cent ubiquitin conjugates were found in the nucleus as aggregates, in the cytoplasm in a striated pattern indicative of 2-bands, and in intercellular junctions at the intercalated discs between myocytes. Although the acceptor proteins and the physiological signZcance of ubiquitination at these locations are unknown, the targeting of ubiquitin to specific sites within the nucleus, myofibrils, and sarcolemma could provide a means for selective processing of individual components within these larger macromolecular assemblies, thus implying a regulatory role for ubiquitin conjugation in turnover or stability of proteins in the heart. (J Histocbem cytochem 4&1037-10&, 1992) KEY WORDS: Ubiquitin; Cardiac muscle; Intercalated discs; Immunocytochemistry rupted myofibrils also occur in chick embryonic myocytes that have been treated with phorbol esters (16) and in neonatal rat myocytes enzymatically isolated for in vitro studies (12) . Both of these treatments result in the appearance of aggregates of cytoskeletal proteins termed cortical actin bodies (16) or rosettes (12) . Cortical actin bodies were postulated to be damaged myofibrillar proteins which were eliminated from the cell through exocytosis (16) . If rosettes in neonatal myocytes are analogous structures and represent sites of damaged proteins, they might be expected to be recognized by the ubiquitin system. We sought to determine the distribution of ubiquitin conjugates in isolated neonatal rat myocytes as they adapt to culture. We used indirect immunofluorescence microscopy and affinity-purified rabbit polyclonal antibodies specific for ubiquitin conjugates (24) to determine the subcellular localization of ubiquitin-protein conjugates in neonatal and adult myocytes in vitro and compared these results with patterns in vivo. We demonstrate that ubiquitin-conjugated proteins occur in both cultured cardiac myocytes and heart tissues in the nucleus and at the Z-bands, two sites for ubiquitination reported previously for skeletal muscle (24, 34) , and at sites unique to cardiac muscle: in cell-cell junctions at the intercalated discs. Figure 2 ) and in striated patterns ( Figure 3 ). Ban = 10 pm.
Materials and Methods
Isolation and Culture of Cells. Animals were sacrificed in accordance with the NIH Guide for the Care and Use of Laboratory Animals, Public Health Service Publication 85-23. The protocol was approved by the Institutional Animal Cars and Use Committee. Myocytes from hearts of 4-5-day post-partum rats were isolated by collagenase digestion and were separated from fibroblasts by a selective attachment method described previously (3) . Cells were grown on 22 x 22-mm glass coverslips coated with 10 pg/ml laminin (IS). Laminin was purified from the EHS tumor maintained in mice and characterized by previously described methods (14) . Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco;
Grand Island, NY) supplemented with 8% (v/v) horse serum (Flow Laboratories; McLean, VA), 3% (v/v) fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin (50 pglml), fungizone (0.25 pglml), and cytosine arabinoside (10 pglml).
Calcium-tolerant cardiac myocytes were isolated from adult rat hearts by retrograde perfusion with buffered collagenase-containing medium as previously described (18) . Isolated rod-shaped myocytes were plated on LNcoated glass coverslips and incubated in DMEM supplemented with 20% (vlv) fetal bovine serum, antibiotics, and cytosine arabinoside as described above. All cultured cells were incubated at 37'C in an atmosphere of 5% CO2 in air.
Preparation of Tissue Sections. Whole hearts were removed from Sprague-Dawley rats 12 hr, 1 month, or 2 months of age. Hearts were fixed in 4% (wlv) formaldehyde (freshly made from paraformaldehyde) in PBS, pH 7.2, for 6 hr at 4'C. Hearts were sequentially rinsed with PBS, incubated in 1% (w/v) glycine in PBS, dehydrated in a graded series of ethanol and in two changes of xylene, and embedded in paraffin. Sections 7 pm thick were cut and mounted on glass slides for subsequent immunocytochemistry.
Immunocytochemistry of Cells and Tissue Sections. Neonatal rat myocytes in culture for 4, 8, 22 hr or 3-4 days, and adult myocytes in culture for 7 days, were processed for immunofluorescence labeling by two methods previously described (13): (a) pre-extraction in 0.5% (v/v) Triton X-100 in an actin-stabilizing buffer (2) before fixation in 2% paraformaldehyde. A previous study comparing various methods of processing cardiac myocytes for immunocytochemistry (13) showed that this pre-extraction method gave optimal results in preserving myofibrillar and cytoskeletal structures; (b) fixation in 2% paraformaldehyde in Sorensen's phosphate buffer, pH 7.2, before extraction in 0.5% (vlv) Tciton X-100 in Sorensen's buffer. Both methods produced similar staining patterns. Excess formaldehyde was quenched by rinsing in 0.1 M glycine in HEPES (N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid) buffer. The primary antibody was affinity-purified rabbit polyclonal antibody against sodium dodecyl sulfate (SDS)-denatured ubiquitin (conjugate specific) (9) . The specificity of this antibody for conjugated ubiquitin to the exclusion of free polypeptide was demonstrated by immunochemical methods in solid-phase immunoassay (9) and by immunohistochemical methods on tissue sections of rat skeletal muscle (24) . For immunofluorescence labeling of tissue sections, paraffin sections of hearts from newborn, I-month-, or 2-month-old rats were rinsed twice in xylene and then sequentially passed h o u g h 5-min rinse in 90-70-50% (v/v) ethanol. After a water rinse, the sections were treated with 20 mM %is-HCI, pH 7.4, containing 0.1% (w/v) trypsin (Worthington Biochem; Freehold, NJ) and 0.1% (w/v) calcium chloride (8) . Sections were rinsed in water, equilibrated with PBS for 20 min. and then treated with PBS containing 0.1% (v/v) Triton X-100 and 0.1 M glycine for 45 min. After rinses in PBS, sections were labeled with the antibodies described above.
Results

Immunoiocdizution of Ubiquitin Conjugates in Neonutul una' Adult CurAomyocytes In Vitro
Immunofluorescence of anti-ubiquitin conjugates in neonatal myocytes revealed different patterns of localization depending on the time in culture. Initially, myocytes cultured on LN for 4 hr exhibited d f i s e fluorescence in the cytoplasm and more intense fluorescence in the nucleus (Figure 1 ). By 8 hr after plating, ubiquitin conjugates were localized in cell-cell junctions (Figure 2 ) and in a striated pat- Figure 11 ) and intercalated discs were intensely labeled (arrows in Figures 11 and 12) . Bars = 10 Vm, tern reminiscent of Z-bands in a subset of the cell population (Figure 3) . The striations consisted of rows of punctate aggregates. By 22 hr, intense fluorescence occurred in cell-cell junctions; nuclear fluorescence was less diffuse than at 4 hr or 8 hr and consisted of punctate aggregates (Figure 4) . Striated patterns in the cytoplasm were only faintly visible in some cells (Figure 4) . The striated patterns were localized to 2-bands in a subset of myocytes grown for 4 days in culture by double labeling with antibodies to a-actinin and ubiquitin conjugates (Figures 5 and 6) . The ubiquitin conjugates at the intercellular junctions co-localized with antibodies to desmoplakins, markers for desmosomes (Figures 7 and 8) , indicating that fluorescent ubiquitin conjugates labeled proteins at the level of the cardiac intercalated discs. By 3 days in culture, fluorescence appeared in both intercalated discs and as intensely fluorescent aggregates of various sizes in the nucleus (Figure 9 ). This fluorescence pattern at intercalated discs and in the nucleus in 3-day cultures of neonatal myocytes was similar to the patterns seen in well-flattened adult myocytes by 7 days in culture ( Figure 10 ). In these adult myocytes, the nucleus was replete with dense fluorescent aggregates. The striated patterns evident in a subset of neonatal myocytes after 8 hr were not observed in well-spread adult myocytes.
Immunolocaiization of Ubiquitin Conjugates in Cardiomyocytes In Vivo
Sectioned tissue from hearts of newborn rats (data not shown) and of rats 1 month (data not shown) or 2 months old (Figures 11 and  12 ) all exhibited similar fluorescence patterns localized at Z-bands and in intercalated discs. The Z-bands appeared as linear arrays of punctate fluorescence (Figure 11) . In contrast to intensely labeled aggregates in the nucleus of adult myocytes in vitro, nuclei of tissue were not intensely labeled (Figure 11 ).
Discussion
The immunocytochemical observations reported here for cardiac myocytes both in vitro and in vivo show that ubiquitin-conjugated proteins are localized to the Z-band and the nucleus, two sites for ubiquitination previously shown in skeletal muscle (24, 34) . In addition to these regions, ubiquitin conjugates were also found in cell-cell junctions at intercalated discs in cardiac myocytes. Therefore, in heart muscle cells ubiquitin is localized not only to several cell regions but also to specific sites within these regions (i.e., the 2-band within the myofibril and the intercalated discs within the sarcolemma). The function that ubiquitin serves at these sites cannot be determined by immunocytochemistry, but the localization at these sites may indicate that different components within these macromolecular assemblies can be independently assembled, stabilized, or degraded.
The function of ubiquitin conjugation to myofibrillar proteins at the Z-bands remains speculative. The enhanced ubiquitination at the Z-bands of rat skeletal muscle was postulated to reflect a high turnover rate of myofibrillar proteins at this site (10) . Alternatively, ubiquitin found conjugated to actin in a protein termed arthrin (arthropod actin) in insect flight muscle was proposed to be a stable conjugate (1) . These opposing hypotheses for the fates of proteins ligated to ubiquitin reflect the diverse functions of ubiq-uitin in cellular events. Ubiquitin can be covalently bound to unstable or stable proteins. Ubiquitin has been proposed to target short-lived or abnormal proteins (11, 27) for selective degradation. Short-lived proteins recently shown to be covalently modified by ubiquitin are cyclin (7) and nuclear oncoproteins (5) , suggesting that ubiquitin has a regulatory role in the cell cycle and in gene expression. Protein ubiquitination may also be a signal for routing proteins to the lysosomal compartment for degradation (15) . These results support a role for ubiquitin in proteolytic or degradative pathways. On the other hand, ubiquitin ligation to histones in the nucleus (34), to actin in the myofibrils of insect flight muscles (I), and to cell surface receptors such as lymphocyte homing receptor (29) , platelet-derived growth factor receptor (35) , and growth hormone receptor (30) was proposed to stabilize these components. Whether the target proteins are degraded or stabilized is thought to depend on their ability to partially unfold (6), thus allowing for multi-ubiquitination. The resultant multi-ubiquitin chain in the target protein is then recognized by ubiquitin-dependent proteases for degradation (4) .
In the present study, several inconsistencies in labeling patterns for ubiquitin conjugates were found between in vivo and in vitro myocytes. The prominent labeling of Z-bands in adult cardiac tissue was not always observed in cultured myocytes, except in a subset of neonatal myocytes. Cultured myocytes undergo remodeling of myofibrillar and cytoskeletal components as cells spread and adapt in culture (12) . The Z-band labeling for ubiquitin conjugates observed during spreading in neonatal myocytes in the present study may represent ubiquitin-mediated turnover of myofibrillar proteins during this remodeling process. The lack of labeling in well-spread cultured adult myocytes could reflect less turnover and more stability in the adult cultures. Alternatively, in adult cardiac tissue ubiquitin may provide stability to adhesive interactions both at the Z-band in cell-matrix associations (12, 31, 32) and at intercalated discs in cell-cell connections (28) .
The discrepancy in labeling of ubiquitin conjugates in vivo and in vitro was also reflected in nuclear staining patterns. Nuclei of cultured myocytes exhibited diffuse or punctate fluorescence, whereas nuclei of cardiac tissue appeared unlabeled. In skeletal muscle, ubiquitin forms conjugates with nucleosome histone H2A (34). This histone ubiquitination declines during skeletal myogenesis, possibly reflecting decreases in active chromatin accompanying the differentiation of proliferating myoblasts into myotubes (34). An analogous decline in histones in cardiac myogenesis may explain the apparent absence of nuclear labeling observed in differentiated adult tissue in the present study. Adult cultured myocytes, however, did contain prominent nuclear labeling. This in vitro phenomenon may reflect the continuous remodeling of nuclear chromatin necessary to maintain the phenotype of these cultured cells (34). Still another explanation for the discrepancies observed in cultured cells and tissues may be that target proteins for ubiquitination vary depending on the stage of differentiation or on adaptation to culture conditions. Until definitive target proteins for ubiquitin ligation are identified in heart muscle, the function of ubiquitination of components in the Z-band and nucleus remains to be elucidated.
In addition to ligation to actin discussed above (1) . ubiquitin has also been found in association with other cytoskeletal components including microtubules (21) and intermediate filament inclusions in Alzheimer's disease (19, 22) and in other pathological processes of the central nervous system, muscle, and liver (17) . The association of ubiquitin with particular subcellular distributions in diseased tissues could regulate its function and specificity. Abnormal or damaged proteins could be preferentially labeled with ubiquitin and targeted for proteolysis. In embryonic chick myocytes treated with phorbol ester, damaged sarcomeric proteins are thought to be aggregated into cortical actin bodies (CABS) presumably containing dissembled I-Z-I proteins (16). One hypothesis is that these damaged sarcomeric proteins could then be preferentially eliminated from the cells by exocytosis (16) . We have identified morphologically similar structures termed rosettes in neonatal rat cardiac myocytes spreading on laminin and collagen (12). In the present study we did not detect labeling of ubiquitin conjugates in any morphologically definable rosette-like structures in neonatal cardiac myocytes cultured for 4, 8, or 22 hr, times when we routinely can identify such structures by their doughnut-like appearance. Therefore, if cytoskeletal aggregates in CABS or rosettes are involved in degrading or eliminating remnants of sarcomeres, the ubiquitin pathway either may not be involved or the half-lives of the ubiquitin conjugates may be too short for detection at the time intervals examined.
The novel finding in the present study is the localization of ubiquitin conjugates to intercellular junctions which, in cardiac tissue, consist of three specialized junctional complexes: fasciae adherentes, gap junctions, and desmosomes (28). Because of the limited resolution of immunofluorescence light microscopy, further studies utilizing immunoelectron microscopy will be needed to determine which of these three specialized regions of the cardiac sarcolemma is labeled. Correlative biochemical studies will also be needed to determine if ubiquitination of cell-cell junctional components is involved in signal transduction, receptor processing, or is a general phenomenon to provide stability to adhesive interactions between cells (29). The finding that ubiquitin is conjugated to one or more components at these sites and at the 2-bands supports the concept of specialization of specific regions of the sarcolemma in striated muscle. Other evidence supporting specialization within the sarcolemma includes the co-localization of transmembrane extracellular matrix receptors (integrins) with cytoskeletal components such as vinculin at the myofibrillar 2-bands (12,31,32) and focal adhesions (12) and the localization of A-CAM at intercellular adherens junctions (33). Further identification of components specific to these specialized sites, including components that may be modified by ubiquitination, could provide insights into mechanisms by which cardiac cells are mechanically and electrically integrated.
